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From the first-principles calculations, we have studied the electronic and magnetic structures of 
compound Na2Ti2Pn2 (Pn = As or Sb). We find that in the ground state Na2Ti2As20 is a blocked 
checkerboard antiferromagnetic semiconductor with a small band gap of about 0.15 eV, in contrast, 
Na2Ti2Sb20 is a bi-collinear antiferromagnetic semimetal, both with a small moment of about 
0.5/iB around each Ti atom. We show that there is a strong Fermi surface nesting in Na2Ti2Pn20. 
And we verify that the blocked checkerboard and bi-collinear antiferromagnetic states both are 
the spin density waves induced by the Fermi surface nesting. A tetramer structural distortion 
is found in company with the formation of a blocked checkerboard antiferromagnetic order, in 
good agreement with the experimentally observed commensurate structural distortion but with 
space group symmetry retained after the anomaly happening. Further analysis and discussion in 
connection with experimental observations are given as well. 

PACS numbers: 75.30.Fv, 71.18.+y, 71.20.-b, 71.15.Mb 



I. INTRODUCTION 

Layered compounds of transition-metal elements fre- 
quently show interesting and novel electrical and mag- 
netic properties and have been studied extensively. 
Among them, La2Cu04^ and LaFeAsO^ as the repre- 
sentatives are widely known because of their supercon- 
ductivity with high critical temperatures after doping or 
under high pressures, in which the Cu02 square planar 
layers and the FeAs tetrahedral layers play a substan- 
tial role respectively. Now another class of layered com- 
pounds built from alternatively stacking special octahe- 
dral layers M2Q2O (M=Fe or Ti; Q=As, Sb, S, or Se) 
with otherwise layers are attracting much attention. 
Here an M2Q2O layer includes an anti-Cu02-type M2O 
square planar layer with two Q atoms respectively lo- 
cated above and below the center of each M2O square 
unit. As shown in Fig. [TJ the M2Q2O layer is in an 
octahedral layer structure, bridging or a combination of 
the Cu02 square planar layer and the FeAs tetrahedral 
layer structures, which is thus expected to show distinct 
electronic and magnetic properties and possibly super- 
conductivity by doping or under pressure. 

Fe2Q20 layer-based (Q=S or Se) oxychalcogenides 
were first synthesized in 1992^ and recently character- 
ized to be antiferromagnetic insulators with a magnetic 
moment of 4/i b on each Fe ion experimentally^ and with 
strong correlation effects suggested theoretically.^ To our 
knowledge, there has been no any structural distortion 
found experimentally in these compounds. 

Ti2Q20 layer-based (Q=As or Sb) oxypnictides have 
been also studied for a quite long time. Compounds 
Na2Ti2Q2 were first synthesized in 1990,^ which sub- 
sequently have been intensively investigated both ex- 
perimentally and theoretically^^"— The temperature- 
dependent powder neutron diffraction measurement 
showed that there is a structural distortion in the 
Ti2Sb2 layer at a temperature of about 120K^ 



which corresponds well to the observed anomalies in the 
temperature-dependent magnetic susceptibility and re- 
sistivity measurements j^ii However, no neutron scatter- 
ing due to magnetic spin ordering was detected. Mean- 
while, the measurement further found that the bond dis- 
tance ratio of 0-Ti-O/Sb-Ti-Sb increases below the tran- 
sition temperature, but the crystal space group symme- 
try remains unchanged after the structural distortion j^ii^ 
This is different from the tetragonal-orthorhombic struc- 
tural distortions observed in the iron pnictides.^^ 

Recently another new Ti2As2 layer-based oxyp- 
nictide BaTi2As2 was successfully synthesized ^li^ 
which shows the similar characteristics as Na2Ti2Q20, 
namely there are anomalies observed as well in the 
temperature-dependent magnetic susceptibility, resistiv- 
ity, and heat capacity measurements at a temperature of 
about 200K.^^^^^ Considering that the similar anomalies 
are observed in the iron pnictides, in which the super- 
conductivity takes place when the anomaly is suppressed, 
one thus speculates that the Ti2Q20 layer-based oxyp- 
nictides may also be another parent compounds for the 
high Tc superconductivity. In the iron pnictides, those 
anomalies are ascribed to the tetragonal-orthorhombic 
structural transitions accompanied by the collinear anti- 
ferromagnetic ordering. The underlying mechanism is 
still in debate, either the As-bridged antiferromagnetic 
superexchange interactions between fluctuating Fe local 
moments^^^^ or spin density wave instability induced 
by the Fermi surface nesting There are now more and 
more evidences in favor of the fluctuating Fe local mo- 
ment picture. Especially, the neutron inelastic scattering 
experiments have shown that the low-energy magnetic 
excitations can be well described by the spin waves based 
on the quantum Heisenberg modelJ^ii^ 

Likewise, the scenario in Ti2Q20 layer-based oxypnic- 
tides is very confusing. The experimentally observed 
anomalies suggest that there is an antiferromagnetic 
transition, but no magnetic ordering has been detected. 
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FIG. 1. (Color online) Crystal structure of Na2Ti2As20: (a) 
A conventional unit cell composed of two formula cells; (b) A 
primitive unit cell composed of one formula cell. 
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FIG. 2. (Color online) Electronic structure of Na2Ti2As20 
in the nonmagnetic state: (a) Electronic Band structure; (b) 
Hole-type Fermi surface sheets; (c) Electron-type Fermi sur- 
face sheets. The Fermi energy is set to zero. 



Theoretically, no ordered magnetic state has been ei- 
ther found in the first-principles electronic structure 
calculations^ which however show that there is a Fermi 
surface nesting. It was thus suggested that the observed 
anomalies would be due to charge density wave or spin 
density wave instability induced by such a Fermi surface 
nesting^^i^ 

In order to clarify the issue, we performed the thorough 
first-principles electronic structure calculations upon 
compounds Na2Ti2Q20 (Q=As, Sb). We find that the 
ground state of Na2Ti2As20 is a blocked checkerboard 
antiferromagnetic semiconductor, in contrast, the ground 
state of Na2Ti2Sb2 is a bi-collinear antiferromagnetic 
semimetal. And we verify that these two antiferromag- 
netic states both are indeed induced by the Fermi surface 
nesting rather than based on local magnetic moments. 



nal unit cell consists of two formula unit cells. How- 
ever, its primitive unit cell is constructed by considering 
Na2Ti2Pn20 as a triclinic crystal, in which only one for- 
mula unit cell is included as shown in Fig. [IJb). On 
the other hand, Na2Ti2Pn20 can be considered geomet- 
rically with an anti-K2NiF4 type structure, where a Ti 
atom is located between two oxygen atoms in a plane 
to form a square planar layer of Ti20, which is an anti- 
configuration to the Cu02 layer in the high Tc cuper- 
ates. Meanwhile a Ti atom is also four-coordinated by 
As atoms, forming a Ti2As20 layer where two As atoms 
are respectively located above and below the center of a 
Ti20 square unit. The crystal is formed by stacking such 
Ti2Pn20 layers in a body-centered manner along the c 
axis with the separation by a double-layer of Na atoms 
(Fig. [Ha)). 



II. COMPUTATIONAL DETAILS 

In our calculations the plane wave basis method was 
used.^^ We used the PW91-type^^ generalized gradient 
approximation for the exchange-correlation functionals. 
The ultrasoft pseudopotentials^^ were used to model the 
electron-ion interactions. After the full convergence test, 
the kinetic energy cut-off and the charge density cut-off 
of the plane wave basis were chosen to be 600eV and 
4800eV, respectively. The Gaussian broadening tech- 
nique was used and a mesh of 20 x 20 x 10 k-points 
were sampled for the Brillouin-zone integration in non- 
magnetic state. The lattice parameters with the atomic 
positions were fully optimized by the energy minimiza- 
tion. It was found that the calculated lattice parameters 
have an excellent agreement with the experimental ones 
(less than 1.0%). 



III. RESULTS AND ANALYSIS 

Compound Na2Ti2Pn20 (Pn=As or Sb) crystallizes in 
tetragonal (I4/mmm) symmetry and has a layered struc- 
ture, as shown in Fig. HJa). Its conventional tetrago- 



A. Nonmagnetic States 

We first studied the nonmagnetic state of compound 
Na2Ti2Pn20 (Pn=As or Sb), which would describe the 
high temperature phase of these materials. The elec- 
tronic band structure of this nonmagnetic state also pro- 
vides a reference to further studying of the possible low 
temperature magnetic phases, by analyzing which we can 
better understand the underlying mechanism or interac- 
tions that drive possible magnetic phase transitions and 
the related structural transitions. In the calculations, we 
adopted a primitive unit cell including only one formula 
cell (Fig. mh)). 

1. Na2Ti2As20 

After the full structural optimization, we find the 
tetragonal crystal lattice parameters of a = b = 
4.060 A and c = 15.3892 A for Na2Ti2As20, in good 
agreement with the experimental values of a = b = 
4.0810 A and c = 15.311 A measured at a temperature 
of 310K.^ The calculated electronic band structure and 
Fermi surface in the primitive unit cell are presented in 
Fig. [21 As we see, there are three Fermi surface sheets. 
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FIG. 3. (Color online) Total and atomic orbital-resolved par- 
tial density of states of Na2Ti2As2 per formula cell in the 
nonmagnetic state. The Fermi energy is set to zero. 



contributed from the two bands crossing the Fermi en- 
ergy level (Fig. Efa)). Among them, the one sheet is 
of the hole- type, forming an approximate square-shaped 
pipe centered at each TV point in the Brillouin zone (Fig. 
[2](b)); the other two are of the electron- type, one of them 
is a F-centered box with the windows at its top and 
bottom, the other is a X-centered perfectly fluted pipe 
around the corner of the Brillouin zone (Fig. [2lc)). The 
volumes enclosed by these Fermi surface sheets are 0.186 
electrons/cell and 0.186 holes/cell respectively. The elec- 
tron carrier concentration is the same as the hole car- 
rier concentration. Both are equal to 2.94 x 10^^ /cm^. 
Compound Na2Ti2As20 is thus a semimetal with a low 
carrier concentration between the ones in normal metals 
and semiconductors, similar to the recent iron pnictides, 
for example, LaFeAsO and BaFe2As2'^*2S The density 
of states at the Fermi energy is 3.84 states per eV per 
formula unit. The corresponding electronic specific heat 
coefficient is 7 = 9.05m J/ {K'^^mol) and the Pauli param- 
agnetic susceptibility is Xp=l-56 x 10~^m^/mo/ (1 mole 
formula unit), in reasonable agreement with the mea- 
sured value of X = 3.01 x 10~^m^/mo/.^ 

Inspection of the distribution of the density of states 
will help to clarify the atomic bonding character. Figure 
[3] plots the calculated total and atomic orbital-resolved 
partial density of states of Na2Ti2As2 in the nonmag- 
netic state respectively. As expected, the calculations 
show that most electrons of the Na 35-orbitals transfer 
into the O 2p-orbitals so that the occupied O 2p-orbitals 
are far below the Fermi energy level while the empty 
Na 35-orbitals are much above the Fermi energy level 
(centered at +5.0 eV). Although the density of states at 
the Fermi level is dominated by the Ti 3(i-orbitals, the 
density of states around the Fermi energy (from -3.0 to 
2.0eV) consist mainly of both the Ti 3(i-orbitals and As 
4p-orbitals. Especially, the two peaks in the distribu- 
tion of the As 4p-orbitals coincide with those of the Ti 
3(i-orbitals, as specifically shown in Fig. 21 which indi- 
cates that there is the hybridization between Ap^ {Py) 
orbitals and dxz {dxy) orbitals, namely there is covalent 
bond formed between them. Figure 2] also specifies that 



FIG. 4. (Color online) Density of states of Na2Ti2As20 in 
the nonmagnetic state projected onto Ti-3d atomic orbitals 
(upper panel), As-4p atomic orbitals and 0-2p atomic orbitals 
(lower panel), respectively. 




FIG. 5. (Color online) Electronic structure of Na2Ti2Sb20 
in the nonmagnetic state: (a) Electronic band structure; (b) 
Hole-type Fermi surface sheets; (c) Electron-type Fermi sur- 
face sheets. The Fermi energy is set to zero. 

it is the remaining three 3(i-orbitals {dxy^ dx2-y2^ and 
d^^) that dominate in the density of states at the Fermi 
energy. 

2. Na2Ti2Sb2 

Likewise, we performed the calculations on 
Na2Ti2Sb2 0. The optimized tetragonal crystal lat- 
tice parameters are found to be of a = 6 = 4.1369 A and 
c = 16.6428 A , also in good agreement with the experi- 
mental values of a = 6 = 4.160 A and c = 16.558 A mea- 
sured at a temperature of 150K.^ Figure [5] shows the 
electronic band structure and Fermi surface calculated 
in a primitive unit cell, similar to those of Na2Ti2As20. 
From the volumes enclosed by these Fermi sheets, we 
determine that the electron and hole concentrations are 
0.140 electrons/cell and 0.140 holes/cell respectively. 
The corresponding electron (or hole) carrier density 
is about 1.97 x 10^^ /cm^. The density of states at 
the Fermi energy is 4.40 states per eV per formula 
unit. The corresponding electronic specific heat coef- 
ficient and Pauli paramagnetic susceptibility are 7 = 
10.37mJ/(i^2*mo/) and Xp=1.79 x 10-^m^/mo/ (1 mole 
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FIG. 6. (Color online) Total and atomic orbital-resolved par- 
tial density of states of Na2Ti2Sb20 per formula cell in the 
nonmagnetic state. The Fermi energy is set to zero. 

formula unit), respectively. The latter is in excellent 
agreement with the experimental measurement on a 
high-quality single crystal (x = 1.51 x 10~^m^ /mol)]^ 

In Fig. [6l we plot the calculated total and atomic 
orbital-resolved partial density of states for Na2Ti2Sb2 
in the nonmagnetic state, which are overall similar to 
the ones of Na2Ti2As20 (Fig. [3|) except that the Sb 5p- 
orbitals have more contribution to the density of states at 
the Fermi energy than the As 4p-orbitals do. This is eas- 
ily understandable because the Sb 5p-orbitals are more 
diffusive and extended than the As 4p-orbitals. Never- 
theless, the atomic bonding character of Na2Ti2Sb2 is 
basically the same as the one of Na2Ti2As20, i.e. O and 
Na atoms are in ionic state while there are covalent bonds 
formed between Ti and Sb atoms. 



3. Fermi Surface Nesting 

In order to well analyze the Fermi surface symmetry 
of compounds Na2Ti2Pn20 (Pn=As, Sb) in connection 
with the crystal symmetry, we replot the calculated Fermi 
surfaces in the tetragonal conventional Brillouin zone as 
shown in Fig. [71 which clearly reflects the two dimen- 
sional character of the electronic structures by the nearly 
/c^-dispersionless Fermi surface sheets, being consistent 
with the layered crystal structure. As we see, the Fermi 
surfaces in these two compounds are very similar in shape 
to each other. There are now six Fermi surface sheets for 
each Fermi surface, among which there are the two nearly 
degenerate square-box-like Fermi-surface sheets centered 
around X contributed from the hole-type bands in con- 
jugation with another two similar Fermi surface sheets 
centered around M but from the electron-type bands. 
Obviously these two sets of Fermi surface sheets between 
X and M are strongly nested with each other. The corre- 
sponding nesting vector is 0, 0) or (0, f , 0). The early 
studies reported in Refs. |23 and l2l] first suggested that 
such a Fermi surface nesting in Na2Ti2Sb2 would likely 
lead to a charge- or spin-density wave instability in asso- 
ciation with the observed anomalies in the temperature- 
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FIG. 7. (Color online) Na2Ti2As20 in the nonmagnetic state: 
(a) and (b) are respectively the hole-type and electron-type 
Fermi surface sheets, and (c) is the top view of the whole 
Fermi surface in the Brillouin Zone denoted by the dotted 
square; Na2Ti2Sb20 in the nonmagnetic state: (d) and (e) 
are respectively the hole-type and electron-type Fermi surface 
sheets, and (f) is the top view of the whole Fermi surface in 
the Brillouin Zone denoted by the dotted square. 

dependent susceptibility and resistivity. ^s^*^ 



B. Magnetic States 

The powder neutron diffractions have not yet detected 
any magnetic spin ordering in compounds Na2Ti2Pn20 
(Pn=As, Sb) even though the observed anomalous tran- 
sitions in the temperature-dependent magnetic suscepti- 
bility and electric resistivity strongly suggested an anti- 
ferromagnetic transition in the compounds. Nevertheless 
the neutron diffractions indeed found a commensurate 
structural distortion but without the space group sym- 
metry breakdown. 

Right now we still cannot exclude any weak magnetic 
ordering just based on the powder neutron diffraction 
because of its low resolution. The issue that we meet here 
is still whether or not there exists a magnetic long-range 
order related to the structural distortion, based on either 
local moments formed around Ti atoms or spin-density 
wave induced by the Fermi surface nesting; Otherwise, 
whether or not there exists a spin-unpolarized charge- 
density wave related to the structural distortion, induced 
still by the Fermi surface nesting. In order to clarify this 
issue, we have carried out the systematical and extensive 
calculations on compounds Na2Ti2Pn20 by constructing 
a wide variety of unit cells and magnetic orders. 

We first performed the spin-unpolarized calculations 
with different unit cells and possible distortions, espe- 
cially by elaborately constructing new unit cells in con- 
sideration of the nesting vector between X and M points 
in the Brillouin zone. It turns out that all the distortions 
and structures different from the original one are un- 
stable. We thus exclude spin-unpolarized charge-density 
waves in compounds Na2Ti2Pn20. 

We then investigated whether or not any magnetic or- 
der exists, based on local moments around Ti atoms. 
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If there are local moments formed around Ti atoms, 
the exchange interactions between these local moments 
would be either Pn-bridged or 0-bridged superexchange 
interaction with the direct exchange interaction between 
the nearest neighbor Ti atoms. There would be a va- 
riety of stable or metastable magnetic orders resulting 
from the competition among these exchange interactions, 
such as the ferromagnetic, checkerboard antiferromag- 
netic, and collinear antiferromagnetic orders, all of which 
were found to be stable or metatable in Fe-based super- 
conducting parent compounds .-i^i^ — Our spin-polarized 
calculations show that none of these magnetic orders is 
stable or metastable in compounds Na2Ti2Pn20, similar 
to the previous calculations that show no magnetic order- 
ing found in Na2Ti2Sb20.^^ We thus exclude magnetic 
orders based on local moments. 

To the end, we came to study possible magnetic orders 
based on spin-density waves induced by the Fermi surface 
nesting. 



1. Blocked checkerboard antiferromagnetic order and 
hi- collinear antiferromagnetic order 

As presented above, there are two independent and 
orthogonal but equivalent nesting vectors Qi = (^,0,0) 
and Q2 = (0, ^,0), respectively. A possible spin density 
wave will oscillate as Mcos((5 • R) on the Ti-Ti square 
lattice {R being a lattice site vector and M magnetization 
vector), with a wave vector Q equal to a commensurate 
linear combination of Qi and (52, namely Q = nQi-\-mQ2 
(n and m being integers). We elaborately constructed 
several kinds of magnetic orders with magnetic unit cells 
based on such wave vectors Q. Through the calculations, 
we eventually find two stable peculiar magnetic orders 
with wave vectors Qi + Q2 and Qi (or Q2) respectively, 
called as blocked checkerboard antiferromagnetic order 
and bi-collinear antiferromagnetic order respectively. 

Figure [8fa) schematically shows the blocked checker- 
board antiferromagnetic order, in which the Ti2Pn2 
(Pn=As, Sb) layer is divided into x ^/2-squares rep- 
resented by the dash-dotted thin lines. Each square is a 
magnetic block with the moments of four Ti atoms being 
parallel. Between the nearest neighbor blocks, the block 
moments are in anti-parallel. But the magnetic unit cell 
is a 2a X 2a square. It should be emphasized that in each 
magnetic block the four Ti moments are centered around 
a Pn atom rather than O atom. For the latter case, 
the calculations show that it is unstable or energetically 
unfavorable. Thus in the blocked checkerboard anitferro- 
magnetic order any pair of the next nearest neighbor Ti 
moments bridged by an O atom is always in anti-parallel. 
This is also consistent with the 0-bridged superexchange 
effect being more stronger than the Pn-bridged superex- 
change effect, even though this magnetic order is induced 
by the Fermi surface nesting. 

In Fig. [8jb), we schematically show the bi-collinear 
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FIG. 8. (Color online) Schematic top view of the Ti2Pn20 
(Pn=As, Sb) layer. The large blue circles represent the pro- 
jected sites of Pn atom into the Ti2 plane, the dark olive cir- 
cles represent the O atoms, the small black circles with arrows 
represent Ti atoms and the green and red arrows indicate the 
two opposite directions of Ti moments. The blocked checker- 
board antiferromagnetic order (a) and the bi-collinear anti- 
ferromagnetic order (b) are shown. Here a small blue dashed 
square represents an a x a unit in (a) and (b). The large blue 
dashed square 2a x 2a unit in (a), and the blue dashed rectan- 
gle 2a X a unit in (b) correspond to a magnetic unit cell in the 
blocked checkerboard antiferromagnetic order and bi-collinear 
antiferromagnetic order respectively. For the blocked checker- 
board antiferromagnetic order, the Ti2Pn2 layer is divided 
into square blocks denoted by gray dash-dotted lines. The 
four Ti moments in a block are in the same direction and 
those between two nearest neighbor blocks have opposite di- 
rections. 



antiferromagnetic order, in which the Ti moments align 
in parallel along a diagonal direction and in anti-parallel 
along the other diagonal direction on the Ti-Ti square lat- 
tice. In other words, if the Ti-Ti square lattice is divided 
into two square sublattices A and 5, the Ti moments on 
each sublattice take their own collinear antiferromagnetic 
order. Here the magnetic unit cell is a 2a x a rectangle. 
Unlike in the blocked checkerboard antiferromagnetic or- 
der, here half of pairs of the next nearest neighbor Ti 
moments bridged by O atoms are in parallel while the 
other half are in anti-parallel, likewise with Pn atoms. 

For compounds Na2Ti2Pn20 the moment around each 
Ti atom is found to be about O.bfiB in both blocked 
checkerboard and bi-collinear antiferromagnetic orders. 
This is consistent with the spin density wave mechanism, 
in which the moment should be small since its formation 
is only attributed to those states nearby the Fermi energy. 
Considering there is a large amount of antiferromagnetic 
quantum fluctuation in low dimensional systems, the ef- 
fective ordering moment around each Ti atom will be 
further much reduced. This is likely the reason why no 
magnetic ordering in compounds Na2Ti2Pn20 has so far 
been detected by the powder neutron diffraction.^^ 

A bi-collinear antiferromagnetic order was first intro- 
duced in the study of Fe-based superconductors to de- 
scribe the ground state of /3-FeTe^ very interestingly 
as a strong evidence to against the view of spin den- 
sity waves in the Fe-based superconducting parent com- 
pounds, since there is no any Fermi surface nesting vector 
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FIG. 9. (Color online) Na2Ti2As20 in the blocked checker- 
board antiferromagnetic state: (a) Band structure; (b) Mag- 
netic unit cell; (c) Brillouin Zone with selected high symmetric 
points. Here the top of the valence band sets to zero. 

to correspond to such a magnetic order, moreover there 
is a large magnetic moment of about 2.5/iB formed on 
each Fe atom. 

The substantial difference between the two cases lies 
in the fact that there is only one electron in Sd-orbital 
for a Ti^+ ion, in contrast there are five electrons in 
3(i-orbital for an Fe^+ ion. Accordingly it is not ex- 
pected that there is strong electronic correlation effect 
in Na2Ti2Pn20. We have performed a GGA+/7 calcu- 
lation. We find that when U is larger than 2 eV, the 
ferromagnetic state becomes the lowest energy state for 
both compounds. This contradicts the experimental ob- 
servation that there is an antiferromagnetic-like transi- 
tion around 300 K for Na2Ti2As20 and around 120 K 
for Na2Ti2Sb20.^^ 



2. Na2Ti2As2 

As aforementioned, the calculations show that any 
magnetic state, except the blocked checkerboard and bi- 
collinear antiferromagnetic states, is unstable and will re- 
lax into a nonmagnetic state for compound Na2Ti2As2 0. 

To calculate the blocked checkerboard antiferromag- 
netic (AFM) order in Na2Ti2As20, we construct such a 
crystal unit cell consisting of four formula cells, which is 
triclinic with three base vectors of (2a, 0, 0), (0, 2a, 0), 
and (0.5a, 0.5a, 0.5c) respectively, as shown in Fig. [9fb). 
For the bi-collinear antiferromagnetic order, the crystal 
unit cell is also constructed as a triclinic cell but with 
three base vectors of (2a, 0, 0), (0, a, 0), and (0.5a, 0.5a, 
0.5c) respectively (see Fig. [ToTb)). 

After the full structural optimization, we find that 
compound Na2Ti2As20 in the blocked checkerboard 
AFM order is energetically lower by about 4.5 meV/Ti 
than in the bi-collinear AFM order. Figures [9] and 
[TOl show the electronic band structures of compound 
Na2Ti2As2 in the blocked checkerboard AFM and bi- 
collinear AFM orders respectively. In both AFM orders, 
Na2Ti2As2 is transformed into a semiconductor from a 
semimetal, with a small band gap of about 0.15 and 0.05 
eV respectively; moreover the moment around each Ti 




FIG. 10. (Golor online) Na2Ti2As20 in the bi-collinear an- 
tiferromagnetic state: (a) Band structure; (b) Magnetic unit 
cell; (c) Brillouin Zone with selected high symmetric points. 
Here the top of the valence band sets to zero. 



TABLE I. Calculated energies and magnetic moments of 
the nonmagnetic, ferromagnetic, checkerboard, collinear, bi- 
collinear, and blocked checkerboard antiferromagnetic states 
respectively, for Na2Ti2As2 and Na2Ti2Sb20. The energy 
in the nonmagnetic state is set to zero. The bar "-" in ta- 
ble means that the corresponding magnetic state is not stable 
and will relax into a nonmagnetic state. 

Magnetic order Na2Ti2As20 Na2Ti2Sb20 

energy moment energy moment 

(meV/Ti) (fiB) (meV/Ti) (fis) 

nonmagnetic 

ferromagnetic _ _ _ _ 

checkerboard _ _ _ _ 

collinear _ _ _ _ 

bi-collinear -20.8 0.53 -19.5 0.53 

blocked checkerboard -25.3 0.56 -11.7 0.50 



atom is found to be 0.56 and 0.53 jj^b respectively. These 
calculated results are summarized in Table HI 

Table |TT1 lists the calculated lattice parameters with 
the selected bond lengths. There is a structural dis- 
tortion found for compound Na2Ti2As20 in the blocked 
checkerboard AFM state, in which the four Ti atoms in 
a magnetic block slightly gather towards their center, an 
As atom. This gathering leads to the Ti-0 bond slightly 
elongating. Correspondingly, the bond distances among 
the four Ti atoms in a magnetic block are reduced. These 
four Ti atoms will form a compact square. As a result, 
the Ti-Ti and Ti-As chemical bonds within each magnetic 
block become stronger. Such a tetramer lattice distortion 
is certainly due to the spin-lattice coupling since it can- 
not happen in any nonmagnetic state. And it can be 
quantitatively described by the bond distance ratio of O- 
Ti-O/As-Ti-As, as reported in Table HIl Such a distortion 
is in good agreement with the powder neutron diffraction 
observation that there is a commensurate structural dis- 
tortion but the space group symmetry is retained after 
the anomaly transition.^ 

There is also a structural distortion found for com- 
pound Na2Ti2As2 in the met ast able bi-collinear AFM 
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TABLE II. Calculated lattice parameters with some selected 
bond lengths in the blocked checkerboard antiferromagnetic 
state versus nonmagnetic state for Na2Ti2As20. 

nonmagnetic blocked checkerboard 
~^ 4.0597 4:0701 
c 15.389 15.364 
Ti-0 2.0299 2.0347/2.0352 
Ti-As 2.7214 2.7175/2.7281 
0-Ti-0/(As-Ti-As) 0.7459 0.7474 



state, which will be discussed in detail below in associa- 
tion with compound Na2Ti2Sb2 0. 



(a) 2 




TNN'Zr X Z MM' r 



FIG. 11. (Color online) Na2Ti2Sb20 in the bi-collinear anti- 
ferromagnetic state: (a) Band structure; (b) Hole-type Fermi 
surface in the Brillouin Zone; (c) Electron-type Fermi surface. 
The Fermi energy is set to zero. 



3. Na2Ti2Sb2 

We performed the similar calculations on com- 
pound Na2Ti2Sb20. However, we find that compound 
Na2Ti2Sb2 in the bi-collinear AFM order is the low- 
est in energy, about 8 meV/Ti lower than in the blocked 
checkerboard AFM order. In Figs. [TT] and [121 we respec- 
tively show the calculated electronic band structures of 
Na2Ti2Sb2 in the bi-collinear and blocked checkerboard 
AFM orders. In Fig. [TT] (b), the high symmetry direc- 
tions N' — Z and M' — Z correspond to the moment paral- 
lel and anti-parallel alignments respectively. The shapes 
of the Fermi surface along these two directions are dis- 
tinct. The volume enclosed by the electron- type Fermi 
surface sheets is larger than that enclosed by the hole- 
type Fermi surface sheets, which means that the electron 
carrier density is larger than the hole carrier density. It 
is noticed that the shapes of Fermi surface in both AFM 
orders are quite similar. 

Unlike Na2Ti2As2 0, Na2Ti2Sb20 remains semi- 
metallic in both AFM orders. This is consistent with 
the experimental observation that the electric resistivity 
of Na2Ti2As20 is higher than that of Na2Ti2Sb20 by ap- 
proximately a factor of 10 after the anomaly happening.^ 
Examining the Fermi surfaces of Na2Ti2Pn20 in the non- 
magnetic state (Fig. [7]), we see that Na2Ti2As20 has 
nearly perfect two-dimensional isotropic nesting between 
the Fermi surface sheets centered around X and M, which 
is expected to induce a full energy gap opened at the 
Fermi energy after the spin density wave transition. In 
contrast, Na2Ti2Sb2 shows obvious anisotropic nesting 
between the Fermi surface sheets centered around X and 
M. Such an anisotropic nesting can only induce a par- 
tial energy gap opened at the Fermi energy. This is the 
underlying physics that Na2Ti2As20 becomes semicon- 
ducting while Na2Ti2Sb2 remains semi- metallic after 
the spin density wave transition, and may explain why 
the former in the isotropic blocked checkerboard AFM 
order is more favorable energetically while the latter in 
the anisotropic bi-collinear AFM order. 

Table Hill summarizes the calculated lattice parameters 
with selected bond lengths. The calculations show that 
there is also a small structural distortion for compound 




(b) 



^ z, 1 










p 














.z /\ 




r N N' z r 



FIG. 12. (Color online) Na2Ti2Sb20 in the blocked checker- 
board antiferromagnetic state: (a) Band structure; (b) Hole- 
type Fermi surface in the Brillouin Zone; (c) Electron-type 
Fermi surface in the Brillouin Zone. The Fermi energy is set 
to zero. 



Na2Ti2Sb2 in the bi-collinear AFM state, similar to 
the case of /3-FeTe in the bi-collinear AFM state. The 
lattice constant becomes slightly longer along the spin 
anti-parallel alignment to lower AFM energy and shorter 
along the spin-parallel alignment to lower further ferro- 
magnetic energy. As a result, the crystal primitive unit 
cell on Ti2Sb2 layer deforms from a square to a rectan- 
gle. 

Compound Na2Ti2Sb20 in the met ast able blocked 
checkerboard AFM state shows a similar tetramer struc- 
tural distortion as found in Na2Ti2As2 above. 



TABLE HI. Calculated lattice parameters with some selected 
bond lengths in the bi-collinear antiferromagnetic state versus 
nonmagnetic state for Na2Ti2Sb20. 





nonmagnetic 


bi-collinear 


a(b) 


4.1369 


4.1059 (4.1851) 


c 


16.6428 


16.6166 


Ti-0 


2.0684 


2.0486/2.0924 


Ti-Sb 


2.8928 


2.8605/2.9059 


0-Ti-0/(Sb-Ti-Sb) 


0.7150 


0.7162/0.7201 
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IV. SUMMARY 

We have presented the first-principles calculations 
of the electronic structures of layered pnictide-oxide 
Na2Ti2Pn20 (Pn=As, Sb). We find that the ground 
state of Na2Ti2As2 is a blocked checkerboard antifer- 
romagnetic semiconductor with a small gap of about 
0.15 eV, while the ground state of Na2Ti2Sb20 is a bi- 
collinear antiferromagnetic semimetal; and both have a 
small moment of about 0.5/iB around each Ti atom. 
Moreover we find that there is a tetramer structural 
distortion in the blocked checkerboard antiferromagnetic 
state, in which the four Ti atoms at each magnetic block 
gather towards their center of an As atom, in good agree- 
ment with the experimental observation of a commensu- 
rate structural distortion but the space group symmetry 
retained after the anomaly happening. We confirm that 
there is a strong Fermi surface nesting in Na2Ti2Pn20. 
And we verify that the two antiferromagnetic states both 
are induced by the Fermi surface nesting rather than 
based on local magnetic moments. Actually these two 
antiferromagnetic states are close in energy for each of 
Na2Ti2Pn20, in which one is the ground state, then the 
other is the met ast able state. We may consider layered 
pnictide-oxides Na2Ti2Pn20 as a paradigm for spin den- 
sity waves. 
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